Abstract. Novel therapeutic approaches are required for the treatment of osteosarcoma. Combination chemotherapy is receiving increased attention in order to identify compounds that may increase the therapeutic index of clinical anticancer drugs. In this regard, naturally occurring molecules with antitumor activity and with limited toxicity to normal tissues have been suggested as possible candidates for investigation of their synergistic efficacy in combination with antineoplastic drugs. Inorganic phosphate (Pi) is an essential nutrient for living organisms. Relevantly, Pi has emerged as an important signaling molecule capable of modulating multiple cellular functions by altering signal transduction pathways, gene expression and protein abundance in many cell types. Previously, we showed that Pi inhibits proliferation and aggressiveness of U2OS human osteosarcoma cells and that Pi is capable of inducing sensitization of osteosarcoma cells to doxorubicin in a p53-dependent manner. In this study, we extended the role of Pi in the chemosensitivity of osteosarcoma cells to other anticancer drugs. Specifically, we report and compare the antiproliferative effects of a combination between Pi and doxorubicin, Taxol ® and 5-fluorouracil (5-FU) treatments. We found that Pi increases the antiproliferative response to both Taxol and doxorubicin to a similar extent. On the other hand, Pi did not potentiate the anticancer effects induced by 5-FU. These effects were paralleled by apoptosis induction and were cell cycle-dependent. The clinical significance of our data and their potential therapeutic applications for improving osteosarcoma treatment are discussed.
Introduction
Osteosarcoma is the most common primary malignant tumor of the bone, occurring most frequently in children and adolescents (1) . Surgery, radiotherapy and high-dose chemotherapy [with agents such as doxorubicin, methotrexate, cisplatin, 5-fluorouracil (5-FU), Taxol ® and etoposide] are mainly effective in patients with localized disease and have improved patient overall survival over the last several years (2) .
However, clinically evident metastatic disease is present in 10-20% of patients at diagnosis. Despite aggressive treatment, more than one third of patients develop recurrent high-grade osteosarcomas, with metastatic disease typically affecting the lung, liver and bone itself, so that the 5-year survival rates are still not greater than 60%. The frequent acquisition of drug-resistant phenotypes and occurrence of secondary malignancies associated with chemotherapy remain serious problems (3) . Moreover, the toxic effects of chemotherapy still remain a major drawback in the treatment of osteosarcoma patients. Thus, there is a pressing need for the development of new and alternative approaches to the treatment of osteosarcoma (4) .
Combination chemotherapy has received increased attention in order to identify compounds that may increase the therapeutic index of clinical anticancer drugs (5) . In this regard, dietary supplements, phytotherapeutic agents and naturally occurring molecules (such as silibinin, resveratrol, plumbagin, benzyl isothiocyanate, 2-methoxyestradiol, DDTD) with antitumor activity and with low toxicity to normal tissues have been suggested as possible candidates for investigation of their synergistic efficacy in combination with antineoplastic drugs (6) (7) (8) (9) (10) (11) .
Inorganic phosphate (Pi) is an essential nutrient for living organisms. It plays a key role in diverse physiological functions, including osteoblast differentiation and skeletal mineralization (12) . Serum Pi level is maintained within a narrow range through a complex interplay between intestinal absorption, exchange with intracellular and bone storage pools, and renal tubular reabsorption and depends mainly on the activity of Na/Pi cotransporters (13) . Pi is abundant in the diet, and intestinal absorption of Pi is efficient and minimally regulated. The kidney is a major regulator of Pi homeostasis and can increase or decrease its Pi reabsorptive capacity to accommodate Pi need. Adequate control of Pi homeostasis is crucial, as a moderate increase in serum Pi concentration and polymorphisms in genes involved in Pi metabolism may result in bone impairment and influence the ageing process and lifespan (14) . Relevantly, Pi is emerging as an important signaling molecule capable of modulating multiple cellular functions by altering signal transduction pathways, gene expression and protein abundance in many cell types (15) .
Previously, we provided evidence that Pi inhibits proliferation and aggressiveness of human osteosarcoma U2OS cells identifying adenylate cyclase, β3 integrin, Rap1, ERK1/2 as proteins whose expression and function are relevantly affected in response to Pi (16, 17) . More recently, we described that in wild-type p53-containing osteosarcoma U2OS cells, and not in p53-null Saos and p53 mutant MG63 osteosarcoma cells, Pi is capable of inducing sensitization to doxorubicin (18) . We provided evidence that the enhancement of doxorubicin-induced cytotoxicity by Pi occurs via p53-dependent apoptosis and through a mechanism involving ERK1/2 downregulation (18) .
Herein, we extended the study of the role of Pi in the chemosensitivity of osteosarcoma cells to other anticancer drugs, and we investigated the possible antitumor effects of treatments based on Pi in combination with either Taxol or 5-FU or doxorubicin in osteosarcoma U2OS cells. We showed that Pi increases the antiproliferative response to Taxol similarly to that caused by doxorubicin. In contrast, Pi did not potentiate the anticancer effects induced by 5-FU. These effects were paralleled by apoptosis induction and were cell cycle-dependent.
Materials and methods

Materials.
All cell culture materials were from Gibco-Life Technologies (Gaithersburg, MD, USA). The anticancer drugs doxorubicin, Taxol (paclitaxel) and 5-FU were purchased from Sigma-Aldrich (St. Louis, MO, USA). Anti-tubulin antibodies were obtained from Oncogene-Calbiochem (La Jolla, CA, USA). Anti-procaspase-3, and anti-poly(ADP ribose) polymerase (PARP) antibodies were obtained from Upstate Biotechnology Inc. (Lake Placid, NY, USA). All other antibodies were obtained from Santa Cruz Biotechnology (San Diego, CA, USA).
Cell culture and treatments. The human osteosarcoma U2OS cell line was obtained from the American Type Culture Collection (Manassas, VA, USA). U2OS cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 2 mM glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin and 10% fetal bovine serum (FBS) and cultured at 37˚C in a 5% CO 2 humidified atmosphere. Unless noted, all experiments were conducted in the above medium which contained 1 mM of Pi, and the concentrations listed in the figures are final Pi medium concentrations. Added Pi was in the form of NaPO 4 , pH 7.4, from Sigma-Aldrich (16) (17) (18) (19) . Doxorubicin was dissolved in ddH 2 O and stored at 4˚C; stock solutions of Taxol and 5-FU in 100% dimethylsulphoxide were maintained at -20˚C and thawed immediately before treatment of human tumor cells. Appropriate drug concentrations were made by dilution with fresh medium immediately before each experiment to final concentrations as indicated in the figures (20) (21) (22) . Typically, subconfluent cells were split (5x10 5 /10 cm plate) and grown in 10% serum containing medium. After 24 h, the medium was removed, the cells were washed with PBS and incubated with 10% FBS fresh medium (time 0), supplemented or not with Pi and anticancer drugs, as single agents or in combination, and grown for the times and at concentrations indicated in the figures. Floating cells were recovered from culture medium by centrifugation, and adherent cells were harvested by trypsinization. Both floating and adherent cells were used in the experiments aimed to study expression of proteins involved in apoptosis and to perform FACS analysis (23) .
Cell proliferation assay. Viable cells were determined by the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay, as previously described (18, 24) . Briefly, cells were seeded in 96-multi-well plates at the density of 5x10 3 cells/well. Cells were treated with Pi and drugs alone or in combination for up to 72 h. Before harvesting, 100 µl of MTT solution (5 mg/ml) was added to each well and incubated at 37˚C for 3 h, then the formazan product was solubilized by the addition of 100 µl 0.04 N HCl isopropanol. The optical density of each sample was determined by measuring the absorbance at 570 vs. 650 nm using an enzyme-linked immunosorbent assay reader (Molecular Device). Cell proliferation assays were performed at least three times (in replicates of 6 wells for each data point in each experiment). Data are presented as means ± standard deviation for a representative experiment.
Evaluation of subG1 and cell cycle phases by flow cyto metry.
After drug treatment, cells were recovered as previously described in 'Cell culture and treatments', fixed by resuspension in 70% ice-cold methanol/PBS and incubated overnight at 4˚C. After fixing, samples were pelleted at 400 x g for 5 min, and pellets were washed once with ice-cold PBS and centrifuged for a further 5 min. Pellets were resuspended in 0.5 ml DNA staining solution [50 µg/ml of propidium iodide (PI) and 100 µg RNase A in PBS], and incubated at 37˚C for 1 h in the dark. Samples were transferred to 5-ml Falcon tubes and stored on ice until assayed. Flow cytometric analysis was performed using a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA, USA) interfaced with a Hewlett-Packard computer (model 310) for data analysis. For the evaluation of intracellular DNA content, at least 20,000 events for each point were analyzed, and regions were set up to acquire quantitative data of cells with fragmented DNA (subG1 or apoptotic events) compared with the events that fell into the normal G1, S, G2 regions (23, 25) .
Flow cytometric analysis of apoptosis. Annexin V-FITC (fluorescein isothiocyanate) was used in conjunction with a vital dye, PI, to distinguish apoptotic (Annexin V-FITC-positive, PI-negative) from necrotic (Annexin V-FITC-positive, PI-positive) cells (26) . Briefly, cells were incubated with Annexin V-FITC (MedSystems Diagnostics, Vienna, Austria) and PI (Sigma-Aldrich) in a binding buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 2.5 mM CaCl 2 ) for 10 min at room temperature, washed and resuspended in the same buffer. Analysis of apoptotic cells was performed by flow cytometry (FACScan, Becton Dickinson). For each sample, 2x10 4 events were acquired. Analysis was carried out by triplicate deter mination for at least three separate experiments.
Preparation of cell lysates. Cell extracts were prepared as follows. Briefly, 3-5 volumes of RIPA buffer (PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) containing 10 µg/ml aprotinin, leupeptin, and 1 mM phenylmethylsulfonyl fluoride (PMSF) were added to recovered cells. After incubation on ice for 1 h, samples were centrifuged at 18,000 x g in an Eppendorf microcentrifuge for 15 min at 4˚C and the supernatant (SDS total extract) was recovered. Some aliquots were taken for protein quantification according to the Bradford method (27) . Others were diluted in 4X Laemmli buffer, boiled and stored as samples for immunoblot analysis. (15) (16) (17) (18) (19) . Specific treatment conditions were examined encompassing exposure to no (0 mM, control), 0.5, 1, 5 µM Taxol, and 5, 10, 50 µM 5-FU in the presence or absence of 5 mM Pi for 24 h (28-31). We also included in these experiments parallel cotreatments with Pi and doxorubicin (0.1, 1, 5 µM) as previously reported (18) . After the treatments, a conventional tetrazolium-based (MTT) assay was performed (Fig. 1) . As expected, proliferation of U2OS cells was slightly inhibited in a dose-dependent manner by all three anticancer drugs used (32) . Of note, we found that in all combinations, the presence of Pi strongly enhanced the antiproliferative effects of doxorubicin and Taxol (at a low dose of doxorubicin 0.1 µM and Taxol 0.5 µM, the inhibition increased from 15 to 35% and from 20 to 40% in the presence of Pi, respectively). The synergistic index (expressed as the ratio between the growth inhibition induced by the combination of the sum of the growth inhibitions caused by the single agents) was 1.4 and 1.3 for Doxo + Pi and Taxol + Pi, respectively. On the other hand, Pi combined with 5-FU did not induce any potentiation of the cytotoxicity caused by 5-FU alone. Moreover, we also studied the time-dependency of the growth inhibition caused by Pi + drug combinations. U2OS cells were exposed to no (0 mM, control) or low doses of doxorubicin (0.1 µM), or Taxol (0.5 µM), or 5-FU (5 µM) in the presence or absence of 5 mM Pi for 24, 48 and 72 h (Fig. 2) . As expected, proliferation of U2OS cells was greatly decreased in a time-dependent manner by all three used agents. Notably, the growth inhibitory effects induced by Doxo + Pi and Taxol + Pi combinations were significantly higher than those caused by doxorubicin and Taxol alone, respectively (for doxorubicin, at 48 h the inhibition increased from 30 to 50% with an additive/ synergistic index of 1.1 and at 72 h from 40 to 65% with an additive/synergistic index of 1.1; for Taxol, at 48 h the inhibition increased from 44 to 61% with an additive/synergistic index of 1.1; at 72 h from 53 to 72% with an additive/synergistic index of 1.0). In contrast, no additive effects were noted with the Pi and 5-FU combination (Fig. 2) . 
Immunodetection of proteins.
Pi potentiates the Taxol-and doxorubicin-induced cyto toxic effect in U2OS cells by inducing apoptosis. To gain further insight into the enhancement by Pi of doxorubicin-and
Taxol-induced cytotoxicity, we performed western blotting and flow cytometry-based assays to study the cell cycle progression and apoptosis (Fig. 3) . To this purpose, U2OS cells were exposed to no (0 mM, control), 0.1 µM doxorubicin, 0.5 µM Taxol, 5 µM 5-FU in the presence or absence of 5 mM Pi for 48 h and FACS and western blot analysis were performed (Fig. 3) .
As expected, Fig. 3A shows that Taxol-and doxorubicin-treated U2OS cells were highly accumulated in the G2/M phase with a concomitant decrease in the number of cells in the G1 and S phases of the cell cycle, whereas 5-FU caused the cells to accumulate in the G1 and S phases (28,33). Moreover, a subG1 cell population was noted in response to doxorubicin (20%) and this was increased in response to Taxol (50%) and 5-FU (64%). Notably, Fig. 3A shows also that treatment with Doxo + Pi and Taxol + Pi combinations induced a marked increase in the subG1 population when compared to treatment with the single agents (from 20 to 41% for Doxo + Pi vs. doxorubicin alone; from 50 to 70% for Taxol + Pi vs. Taxol alone), whereas the treatment with Pi alone did not cause any relevant change in the subG1 cell fraction. No increase in the subG1 population occurred following treatment with the 5-FU + Pi combination when compared to 5-FU treatment alone.
Accumulation of cells with a hypodiploid DNA content is consistent with cell death by apoptosis. This is further confirmed by examining the activation of the terminal caspase-3, executioner of apoptosis and cleavage of poly(ADP-ribose) polymerase, PARP, a known target for apoptosis-associated caspase cleavage (18, 29, 30) . Fig. 3B shows a strong decrease in the uncleaved isoform of caspase-3 in Doxo + Pi-and Taxol + Pi-treated cells suggesting an increase in its activity correlated with its fragmentation. Doxorubicin, Taxol and 5-FU alone induced similar effects on caspase-3 activation but to a less extent. Notably, no decrease in the procaspase-3 protein level was observed in U2OS cells treated with Pi alone. Finally, we evaluated the effects of the different treatments on the fragmentation of PARP, a substrate for caspase-3. The pattern of PARP processing paralleled that of caspase-3 cleavage (Fig. 3B ).
In addition, to further prove the effects of the different treatments on apoptosis induction, we assessed apoptosis by FACS analysis after double labeling with Annexin V and PI (Table I) . Overall, the data indicated that Pi potentiated the Taxol-and doxorubicin-induced antiproliferative effects (but not the 5-FU-induced ones) by inducing apoptosis of G2/Marrested U2OS cells.
To more effectively evaluate the effects of the combined treatments with Pi and the above drugs on cell cycle progression and apoptosis, we also analyzed the subG1 population and cell cycle distribution of U2OS cells during a time course (Fig. 4) . Doxorubicin-induced G2/M accumulation was already evident at 24 h (>80% cells in G2) and increased at 48 h and was maintained up to 72 h (>90% cells in G2) (Fig. 4A-C) . Noteworthy, Doxo + Pi combination induced a more time-dependent increase in the subG1 population (10, 41 and 68% at 24, 48, 72 h, respectively, compared to doxorubicin alone), whereas the treatment with Pi alone did not cause any relevant change in the subG1 cell fraction (Fig. 4D) . Moreover, Taxol-induced G2/M accumulation was already evident at 24 h (>90% cells in G2/M) and was maintained up to 72 h (Fig. 4A-C) . Notably, Taxol + Pi combination induced a stronger time-dependent increase in subG1 cell population (30, 70 and 85% at 24, 48, 72 h, respectively, compared to Taxol alone) (Fig. 4D) . In contrast, a large time-dependent increase in the subG1 population in response to 5-FU was evident, but no additive effect by Pi was noted (Fig. 4D) .
Discussion
Due to its high metastatic potential and the frequent acquisition of chemotherapeutic resistance, the clinical outcome for osteosarcoma remains discouraging despite aggressive treatments. Thus, novel therapeutic approaches are urgently needed (3) (4) (5) . Combination chemotherapy is receiving increased attention in order to identify compounds that may increase the therapeutic index of clinical anticancer drugs. In this regard, naturally occurring molecules with antitumor activity and with low toxicity to normal tissues have been suggested as possible candidates for investigation of their synergistic efficacy in combination with antineoplastic drugs.
Noteworthy, Pi is emerging as an important signaling molecule capable of modulating multiple cellular functions by altering signal transduction pathways, gene expression and protein abundance in many cell types (15) . Previously, we provided evidence that Pi inhibits proliferation and aggressiveness of human osteosarcoma U2OS cells identifying adenylate cyclase, β3 integrin, Rap1, ERK1/2 as proteins whose expression and function are relevantly affected in response to Pi (16, 17) .
In agreement with our previous findings, it has been reported that L/B/K ALP, alkalin phosphatase, whose main action is to locally increase the Pi levels in the extracellular environment, inhibits the aggressiveness and the metastatic ability of U2OS cells, by modulating the expression of genes involved in cell proliferation and adhesion (34) . More recently, we described that in wild-type p53-containing osteosarcoma U2OS cells, and not in p53-null Saos and p53-mutant MG63 osteosarcoma cells, Pi is capable of inducing sensitization to doxorubicin in a p53-dependent manner (18) . To the best of our knowledge, there have been no studies on the antitumor effect of inorganic phosphate on osteosarcoma cells, and our above studies are the first evidence.
In order to gain further insight into the antitumor action of Pi in osteosarcoma cells, we analyzed the possible antitumor effects of combined treatments with Pi and other commonly used chemotherapeutic agents compared to doxorubicin in osteosarcoma cells. The present study showed that osteosarcoma U2OS cells are significantly more sensitive to doxorubicin and Taxol when co-treated with Pi compared to the single use of these agents. In contrast, combined treatment of Pi with 5-FU did not have an additive antiproliferative effect compared to 5-FU alone.
The fact that inorganic phosphate, a simple 'naturally occurring molecule', combined with relevant chemotherapeutic agents can achieve this additive cytotoxic effect illustrates its potential for clinical applications. In addition, the fact that Pi enhances the antiproliferative effects of doxorubicin and Taxol in U2OS cells, but not those of 5-FU suggests that Pi does not act in a widespread way, but can have discrete effects on cell proliferation depending very likely on cell cycle phase(s) in which they occur. Doxorubicin, Taxol and 5-FU are widely used anticancer drugs belonging to different classes of chemotherapeutics (35) . Doxorubicin, classified as an anthracycline antiobiotic, is a DNA-damaging agent that generates DNA double-strand breaks (DNA DSBs) by inhibiting topoisomerase II (36, 37) . Doxorubicin is a clinically relevant antitumor drug widely included in most chemotherapic treatment protocols for treating human osteosarcoma. It is well known that treatment of cells (including osteosarcoma cells) with doxorubicin leads to cell cycle arrest at the G2/M phase and eventually to apoptosis (33, 38, 39) . Taxol (paclitaxel) was isolated from the bark of the Pacific yew Taxus brevifolia and is one of the most powerful antitumor drugs (40) . Taxol acts as an anticancer agent by targeting microtubules, promoting their assembly and stabilization. Treatment of cells (including osteosarcoma cells) with Taxol disrupts the formation of normal spindles at metaphase, leading to an arrest of cells in the G2/M phase of the cell cycle and eventually to apoptotic cell death (28, 29) .
The antimetabolite and thymidylate synthase inhibitor 5-FU is a fluoropyrimidine-based compound, acting mainly in the S phase of the cell cycle to inhibit DNA synthesis (41) . Through the enzymatic activity of uridine phosphorylase, orotate phosphoribosyltransferase and thymidine kinase, 5-FU is converted intracellularly to several active metabolites including fluoro(deoxy)uridine monophosphates [F(d)UMP], all of which interfere with RNA and DNA homeostasis to induce arrest of cells in the G1/S phase of the cell cycle and eventually apoptotic cell death (26, 31) .
Notably, we found that Pi augmented the cytotoxic effect and showed a synergistic induction of apoptosis in osteosarcoma U2OS cells when combined with either doxorubicin or Taxol 'G2/M blocking' agents, whereas no additive antiproliferative effects were noted in combined treatments with Pi and 'G1/S blocking' 5-FU agent. The molecular mechanisms underlying the Pi-mediated chemosensitivity of osteosarcoma cells to anticancer drugs are just beginning to be understood and we do know that further studies and more exhaustive experiments are warranted.
Previously, we provided evidence that Pi inhibits cell cycle progression of U2OS cells, without the occurrence of apoptosis, with a G1 cell accumulation and S phase decrease (16) . Moreover, we also described that the enhancement of doxorubicin-induced cytotoxicity by Pi occurs via p53-dependent apoptosis and through a mechanism involving ERK1/2 downregulation (18) . A possible role of p53 and/or ERK1/2 in the enhancement of Taxol-induced cytotoxicity by Pi in U2OS is also under investigation by us, and experiments aimed to investigate the relationship between the combined treatments with Pi and chemotherapeutic drugs and their sequence are also planned. Irrespective of the mechanism(s), we report that Pi acts as a potent enhancer of doxorubicin-and Taxol-induced cytotoxicity in osteosarcoma cells.
Combination chemotherapy has received increased attention in order to identify compounds that may increase the therapeutic index of clinical anticancer drugs. Pi has been suggested as an attractive candidate to be investigated. In our study, Pi was found to have a positive pharmacological interaction even along with low doses of doxorubicin (0.1 µM) and Taxol (0.5 µM) that are expected to be more tolerable and associated with minimal undesired side effects in patients, thus increasing the potential clinical relevance of our data. New drug delivery systems have been developed that incorporate anticancer drugs into calcium phosphate cement (CPC) to maintain high concentrations of anticancer drugs at the local bone site (42) . Of note, inorganic phosphate release and its bone retention from CPC is predicted to occur, thus affecting Pi concentrations locally.
Collectively, our data support the evidence of Pi as a signaling molecule and indicate that Pi may act as a potent enhancer of anticancer drug-induced cytotoxicity in osteosarcoma cells, suggesting that targeting Pi levels may contribute to the development of novel modalities for therapeutic intervention in osteosarcoma.
